1. Introduction {#sec1}
===============

Spinal cord injury (SCI) is a destructive neurologic injury resulting in functional deficits due to the loss of spinal cord neurons and axons. Extensive attempts have been made to promote repair and recovery cells from the injury for potential treatments of SCI among which the use of stem cells as transplant tissue shows particular promise since they may replace endogenous destroyed cells through facilitating cell regeneration and differentiate into neurons \[[@B1]\]. Cell-based therapies have demonstrated beneficial effects using different types of cells in preclinical models \[[@B2], [@B3]\]. Olfactory ensheathing cells (OECs) and bone marrow mesenchymal stromal stem cells (BMSCs) are two of the most studied cells for SCI repair in experimental models and showed good perspectives for clinical applications of cell therapy.

OECs are unique glial cells found in the olfactory systems that support olfactory neurogenesis and the retargeting across the peripheral nervous system/the central nervous system boundary in the olfactory system. These cells are able to stimulate tissue sparing and neuroprotection, enhance outgrowth of both intact and lesioned axons, activate angiogenesis, and remyelinate axons after a range of demyelinating insults \[[@B4]\]. Recent studies have shown that OEC can promote the differentiation of stem cells into the olfactory system toward the olfactory neurons \[[@B5], [@B6]\]. Acute transplantation of OECs into partial or complete spinal cord lesions has been found to reduce the volume of injured tissue, promote axonal regeneration, and recover some functions \[[@B7]\]. The proposed mechanisms of action of grafted OECs include their interaction with astrocytes \[[@B8]\], modulation of the early neuroinflammatory response \[[@B9]\], remyelination and enhancement of axonal regeneration \[[@B10]\], and promotion of angiogenesis. Therefore, progenitor OECs have been proposed as one of the most promising cell sources for SCI therapy. BMSCs have been shown to be able to promote functional recovery \[[@B11], [@B12]\], by intrathecal injection or intravenous perfusion. The mechanisms underlying the beneficial effects of BMSCs transplants may include neuroprotection by secreting or inducing the expression of neuroprotective molecules in the injured tissues \[[@B12]\], contribution to a permissive environment for axonal regeneration and neural tissue reconstruction \[[@B13]\], acceleration of the tissue repair process \[[@B9]\], and modulation of the neuroinflammatory response.

In recent years, much attention has been paid to secondary cord injury since this appears to be susceptible for therapeutic intervention. Apoptosis and inflammatory responses and some other neurological toxicity events may signify the secondary injury after primary insult in the spinal cord \[[@B1]\]. Apoptosis includes both a receptor-dependent extrinsic pathway and mitochondria associated in spinal cord injuries, which are activated in spinal cord injuries \[[@B14]\]. Several studies have implicated the apoptotic role of caspases in the injured spinal cord \[[@B15]--[@B17]\]. Activation of Caspase-3 and Caspase-8 and apoptosis occur in a temporally similar fashion after SCI \[[@B18]\]. Many other genes are involved in apoptosis, such as the antiapoptosis gene Bcl-2 and apoptosis-inducer Bax. Moreover, a study using Bcl-2 overexpressed transgenic mice demonstrated that overexpression of Bcl-2 inhibited neuronal apoptosis after spinal cord injury and improved recovery of neurological function \[[@B19]\]. In contrast, Bax, a cytosolic protein in normal living cells, can induce apoptosis and quickly translocates to mitochondria at an early stage of the apoptotic process. Kotipatruni et al. \[[@B20]\] showed upregulation of Bax and downregulation of Bcl-2 in rat spinal cords after SCI. These results suggested the involvement of a mitochondrial-mediated apoptotic pathway after SCI.

Since the natural capacity of the central nervous system to recover from injury is limited, current SCI research focuses on the use of regenerative potential of OECs or BMSCs to replace the damaged neurons and oligodendrocytes and enhance neuronal plasticity. These studies showed the reduction of neural degeneration and certain functional recovery by transplantation of either OECs or BMSCs. A precious study showed the antiapoptotic effects of transplantation of BMSCs after spinal cord injury \[[@B21]\]. Moreover, OECs and BMSCs could migrate and integrate into damaged organs or tissues, where they differentiate into myocardiocytes and neurons cell lineages \[[@B22]\]. Therefore, we hypothesized that cotransplantation of OECs with BMSCs may have stronger effects on neural degeneration induced by SCI. We further hypothesized that the improved neurological functions by cotransplantation of OECs with BMSCs may be mediated through the regulation of Bax, Bcl-2, Caspase-9, and Caspase-3. To test the hypothesis, we cocultivated OECs and BMSCs for cotransplantation of OECs with BMSCs in rats with SCI and evaluated behavioral activities and histopathological changes and measured the expression of the protein involved in mitochondria-associated apoptotic pathway.

2. Materials and Methods {#sec2}
========================

2.1. Experimental Animals and Experimental Design {#sec2.1}
-------------------------------------------------

Adult female Wistar rats weighting 250--300 g were purchased from the Department of Experimental Animals, Shandong University, China (the number for certificate of animals is SCXK (Lu) 2013-0009), and maintained under standard housing conditions (temperature: 18--24°C; relative humidity: 45%; light and dark cycle: 12 h : 12 h). Food and water were provided ad libitum. All animals were treated according to the protocols evaluated and approved by the ethical committee of Shandong University School of Medicine.

60 adult female Wistar rats were randomly divided into 5 groups which included (1) control group (*n* = 12) in which rats are only treated with laminectomy without SCI for comparison; (2) sham group (*n* = 12) in which DMEM culture medium was administered by intraspinal injection; (3) OECs treated group (*n* = 12) which received 3 × 10^5^ OECs by intraspinal injection; (4) BMSCs treated group (*n* = 12) which received 3 × 10^5^ BMSCs by intraspinal injection; (5) cotransplant treated group (*n* = 12) which received 3 × 10^5^ OECs and BMSCs in the same way. We randomly divided 12 animals in each group into two groups (14-day posttransplantation group and 28-day posttransplantation group). On 14 and 28 days after transplantation, the animals (*n* = 6) from each group were evaluated with different parameters as shown in [Figure 1](#fig1){ref-type="fig"}.

2.2. Spinal Cord Injury Model {#sec2.2}
-----------------------------

A standard spinal cord contusion was induced using the New York University (NYU) weight drop device as detailed previously \[[@B16]\]. Briefly, the adult female rats were anesthetized and placed prone on an operating table covered with a warming blanket. After shaving the midthoracic region and prepping with Betadine, an incision was made over the midthoracic region. Laminectomy on each rat was performed at the T9--T11 under chloral hydrate anesthesia. The impact rod of the impactor of 10 g was centered above T10 and dropped from a height of 50 mm to induce a consistent partial SCI. Analgesia was achieved using buprenorphine (0.1 mg/kg) for 2 days after surgery. Gentamicin (0.8 mg/100 g, ip) and Ringer\'s solution to avoid dehydration (2 mL, ip, after surgery) were administrated to prevent urinary tract infection for 3--7 days. Passive mobilization of the hind legs for 15 minutes was undertaken every day for a week after surgery. Postoperative care included manual bladder expression 2 times a day until reflex bladder emptying was established.

2.3. Culture and Identification of Stem Cells {#sec2.3}
---------------------------------------------

OECs from olfactory bulbs of healthy female adult Sprague Dawley rats (*n* = 6) weighting 220--300 g were cultured as reported previously with slight modifications \[[@B24], [@B25]\]. In brief, the Sprague Dawley rats were sacrificed by 3% pentobarbital sodium anesthetic overdose. After being put in 0.5% iodophor solution for about 5 minutes, rats were dissected in the super-clean bench. The cranial cavity was cut along the cranial sagittal suture from the foramen magnum. Olfactory bulbs were collected and washed 2 times with PBS and cut to small pieces with sterile ophthalmic scissors. After being washed with 4°C DMEM (with penicillin/streptomycin, 100 *μ*/mL) (GIBCO, USA) and collected by centrifuge 800 r.p.m (Thermo Fisher, USA), the tissue pieces were digested with 0.125% pancreatin-EDTA at 37°C for 30 minutes. The cell suspension with the cells in 10^4^/mL was obtained and incubated in CO~2~ incubator (Thermo Fisher Labserv CO-150, USA) after being washed with DMEM and centrifuged as above.

OECs were identified by immunohistochemistry with p75 antibody. Cells at 60% confluency were washed 3 times with PBS followed by incubation of 4% paraformaldehyde for 20 minutes at room temperature. After being blocked with 5% BSA for 30 minutes, the cells were incubated with p75 antibody (1 : 100) (Sigma, USA) at 4°C overnight. The cells on slides were placed under microscope to observe under fluorescence microscope (OLYMPUS, Japan) after incubation with secondary at antibody (1 : 200) (Sigma, USA) for 40 minutes at 37°C.

BMSCs were isolated and cultured using the repeated adherent culture method as described by Qian et al. \[[@B26]\]. Bone marrow was isolated in sterile conditions from 8-week-old female healthy Sprague Dawley rats (*n* = 6) weighting 250--300 g. Briefly, after being sacrificed by anesthetic overdose, rats were dissected to get tibia and femur. Under antiseptic conditions, medullar cavity was flushed with DMEM to get single cell suspension which was then washed and incubated in CO~2~ incubator (Thermo Fisher Labserv CO-150, USA). The cells were observed daily under inverted microscope (OLYMPUS, Japan).

Brdu (10 *μ*g/L) (Guangzhou RIBOBIO Co., Ltd, China) was added into the culture flasks after incubation for 48--72 h and the cells were fixed with 4% paraformaldehyde for about 20 minutes. The cell slides were permeabilized with 1% Triton X-100, digested with 2% HCl and the pepsin for 10 minutes, and blocked with 5% BSA (GIBCO, USA) for 30 minutes followed by incubation of Brdu antibody (Guangzhou RIBOBIO Co., Ltd., China) for 30 minutes. The slides were covered with 90% glycerol and observed under fluorescence microscope (OLYMPUS, Japan).

OECs and BMSCs were digested after they were purified and were mixed together into single cell suspension. The concentration was adjusted to 10^4^/mL and bottles were placed in CO~2~ incubator; medium was replaced every 3 to 4 days. When slides were covered more than 60% to start identification, and repeated above steps.

Viability of OECs, BMSCs, and coculture cells was measured using WST-8 cell counting kit (CCK-8, DOJINDO, Japan). The assay was performed according to the manufacturer\'s instruction with slight modifications. Briefly, cells at 2 × 10^4^/mL were seeded into a well of a 96-well plate at 90 *μ*L per well and cultured for different time periods (2, 4, 6, 8, 10, and 12 days). At the end of each incubation time, the cells were tested by addition of 10 *μ*L CCK-8 solution in each well followed by incubation for 1 h at 37°C. Optical density at 450 nm was detected by a microplate reader (Thermo Fisher, USA). Each experiment was performed in triplicate and repeated independently three times. Cell viability was expressed as the growth rate with respect to the cell number of the day.

2.4. Transplantation Procedure {#sec2.4}
------------------------------

The rats were randomly divided into 5 groups: (1) control group (*n* = 12) in which rats were only treated with laminectomy without SCI for comparison; (2) sham group (*n* = 12) in which DMEM culture medium was administered by intraspinal injection; (3) OECs treated group (*n* = 12) which received 3 × 10^5^ OECs by intraspinal injection; (4) BMSCs treated group (*n* = 12) which received 3 × 10^5^ BMSCs by intraspinal injection; (5) cotransplant treated group (*n* = 12) which received 3 × 10^5^ OECs and BMSCs in the same way.

BMSCs were resuspended at a concentration of 1 × 10^6^ cells/100 *μ*L, which were used for transplantation. Rats were operated on 7 days later after SCI, and the rats were anesthetized and transplantation was performed using a Hamilton syringe (Sigma, USA) which was attached to a microinjector through a customized needle with a sterile 30-gauge needle. A small hole was made in the dura at the injection site. Then, the customized needle was inserted into the spinal cord at the midline to a depth of 1 to 1.5 mm. 30 *μ*L cell suspension at 1 × 10^6^ cells/100 *μ*L of the cell suspension was then injected over 2 minutes. The needle was left in place for 2 minutes after injection before withdrawal to minimize cell leakage. The OECs and the combination of OECs and BMSCs were transplanted into the spinal cord in the same manner. But the combination of OECs and BMSCs was transplanted into the spinal cord with 15 *μ*L BMSCs cell suspension at 1 × 10^6^ cells/100 *μ*L and 15 *μ*L OECs suspension at 1 × 10^6^ cells/100 *μ*L. The sham group had DMEM culture medium and serum "transplanted" in the same way.

2.5. Histopathological Examination {#sec2.5}
----------------------------------

14 and 28 days posttransplantation, rats were deeply anesthetized with ketamine/xylazine. The spinal cord tissues were isolated and excised with a razor blade and then fixed in 10% (v/v) neutral phosphate-buffered formalin solution. The tissues were embedded in paraffin blocks, sectioned into 5 *μ*m slice and mounted onto the glass slides, and stained with hematoxylin and eosin (H&E) for histopathological evaluation under the light microscope (Leica DM4000M, Germany). And the photos were taken using optical microscope (Leica DM4000M, Germany). The identity and analysis of the pathology sections were blind to the pathologists. And the results were peer-reviewed by other certified veterinary pathologists.

2.6. Detection of Apoptosis {#sec2.6}
---------------------------

14 and 28 days after transplantation, rats were deeply anesthetized with ketamine/xylazine. The spinal cord tissues of the rats were processed as above for a terminal deoxynucleotide transferase dUTP nick end labeling (TUNEL) using in situ cell death detection kit according to the manufacturer\'s instructions (Chemicon International Inc., Temecula, CA). Briefly, rats (*n* = 4) from normal control, treated, and sham control groups were perfusion-fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). Then, the sections were incubated with proteinase K (100 *μ*g/mL), rinsed, incubated in 3% H~2~O~2~, and washed with PBS for 10 min followed by washing with permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate) for 5 min. After the sections were washed twice with PBS, incubated in TUNEL reaction mixture, and rinsed again, they were visualized using converter-POD with 0.02% 3,3′-diaminobenzidine (DAB). Mayer\'s hematoxylin was used for counter-staining. The sections were finally mounted onto gelatin-coated slides and then they were air-dried overnight at room temperature. Yellow stained nucleus was TUNEL-positive cells.

TUNEL-positive cell quantitative method was used. In each group, 5 cases of well-stained sections were selected and magnified 10 times for observation under the microscope objective. 5 high power fields (×400) in each section were randomly selected, and a total of 25 high power fields were photographed into computer (resolution is 800 × 600). Q550CW image signal acquisition and analysis system was employed to calculate intestinal epithelial cell apoptosis index. The number of apoptotic cells/the total cell number × 100% equals the apoptosis rate of this field, and the average rate of apoptosis of five fields was the apoptosis rate of rat spinal cord cells in the group.

2.7. Western Blot Assay {#sec2.7}
-----------------------

Western blot was used to detect protein expression of Bax, Bcl-2, Caspase-9, and Caspase-3. After being treated with transplantation (OECs, BMSCs, and OECs and BMSCs, resp.) for 14 days and 28 days, rats were euthanized, and 5 mm lengths of spinal cord centered on T10 were rapidly removed, weighed, and frozen at −70°C until necessary for further experimentation. The tissues were resuspended and homogenized in 0.2 mL of homogenization buffer followed by centrifuge for 10 min (12,000 r/min, at 4°C). The supernatants were collected for protein determination. Protein samples (50 *μ*g) were separated by SDS-PAGE (12% resolving gels, 5% stacking gels) and transferred to PVDF membranes (150 mA, 1.5 h) (Millipore Corporation, USA). After blocking with 5% nonfat dry milk, the membranes were incubated with different primary antibodies including anti-Bax, anti-Bcl-2 (Abcam, USA), anti-Caspase-9, anti-Caspase-3, and anti-GAPDH (Sigma, USA) overnight at 4°C. After washing membranes with TBST, the membranes were incubated with goat anti-mouse IgG-HRP conjugated secondary antibody (Sigma, USA) at a 1 : 1000 dilution for 1.5 h at room temperature. Finally, the proteins were identified using an enhanced chemiluminescence detection system (ECL detection kit, Pierce). The membranes were exposed to XOmat AR film (Eastman Kodak Company, USA) and the results were quantified through densitometric analysis (MAISIQI HIGH-TECH Co., Ltd, MSD-26, China). Experiments were performed in triplicate to ensure reproducibility.

2.8. Behavioral Assessment after SCI {#sec2.8}
------------------------------------

The recovery of gross motor function was evaluated using Basso, Beattie, and Bresnahan (BBB) locomotor rating scale following the procedure described in Basso et al. \[[@B27]\]. The scale used for measuring hind limb function with these procedures ranges from complete paralysis (score 0) to normal gait (score 21), with an increasing score indicating the degree in use of individual joints, weight-bearing, coordinated limb movement, coordinated joint movement, and other functions. Locomotion was recorded by digital video camera at each time point and analyzed by two blind researchers.

Rats were first gently adapted to the open field for the test. After a rat had walked continuously in the open field, two investigators conducted 4-minute testing sessions on each leg. Two individuals "blinded" to rat treatment status performed the open field test at least once a week from day 1 after SCI to 4 weeks (1, 7, 8, 10, 14, 21, 28, and 35 days after SCI) after laminectomy for all animals in the study. Behavioral outcomes and examples of specific BBB locomotor scores were recorded using digital video.

2.9. Statistical Analysis {#sec2.9}
-------------------------

Quantitative data from open field locomotor scores, detection of apoptosis, and Western blot analysis were evaluated for statistical significance by one-way Analysis of Variance (ANOVA) with replications. Data for each group were represented as mean ± SD and compared with other groups for significance by ANOVA followed by least significant difference (LSD) test to compare the differences between groups. Results were considered statistically significant at *P* \< 0.05.

3. Results {#sec3}
==========

3.1. Culture and Identification of Stem Cells {#sec3.1}
---------------------------------------------

Under microcode, the OECs were bipolar or multipolar and cell protrusion became larger and longer, woven into a net on the fifth day. The OECs were identified by positive staining (green, under fluorescent microscope) with p75 antibody (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). The BMSCs showed the shape of spindle after being cultured and became more compact and longer on the fifth day. Immunofluorescence staining with Brdu showed that the color of nucleus was red (Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}). Compared with OECs or BMSCs, the coculture cells were complete adherent 24 h later, and protrusion was short. On fifth day coculture cells became more compact and showed bipolar triode or multipolar one, but the OECs or BMSCs were small and protrusion was shorter. The cells with green cell membrane and yellow cell nuclear were OECs, and cells with red nuclear were BMSCs without green cell membrane. There was not much difference in rate of these two kinds of cells (Figures [2(e)](#fig2){ref-type="fig"} and [2(f)](#fig2){ref-type="fig"}).

The membrane and cell protrusion of OECs were green under fluorescence, the cells shape showed bipolar triode and multipolar model (Figures [2(a)](#fig2){ref-type="fig"} and [2(b)](#fig2){ref-type="fig"}). And the BMSCs shape was spindle after being cultured and became more compact and longer on the fifth day, the shape was typical of the spindle, and the growth direction was obvious. Immunofluorescence staining showed the color of nucleus was red (Figures [2(c)](#fig2){ref-type="fig"} and [2(d)](#fig2){ref-type="fig"}). We did the morphology observation and identification of coculture cells. Cells were complete adherent 24 h later, and protrusion was short. On fifth day cells became more compact and showed bipolar triode or multipolar model, other cells were small, and protrusion was shorter. The positive cells with green cell membrane and yellow cell nuclear were OECs, cells with red nuclear were BMSCs without green cell membrane. The rate of two kinds of cells was not different significantly (Figures [2(e)](#fig2){ref-type="fig"} and [2(f)](#fig2){ref-type="fig"}).

3.2. The Viability of OECs, BMSCs, and Coculture Cells {#sec3.2}
------------------------------------------------------

All cells showed similar growth rate. Low proliferation of the cells was found in the first two days and it was high during day 2 to day 6 after which it maintained the similar level as shown in [Figure 1](#fig1){ref-type="fig"}. But compared with the growth curve of OECs and BMSCs, the coculture cells curve was not entirely consistent ([Figure 3](#fig3){ref-type="fig"}).

3.3. The Change of Body Weight for Rats after Surgery {#sec3.3}
-----------------------------------------------------

All the rats were recovered 2--4 hours after surgery and were able to drink and eat 6 hours after surgery. The rats\' diet returned to normal after three day postsurgery. The body weight of rats in the control group significantly increased during the observation period, but the body weight of rats in the sham group, OECs treated group, BMSCs treated group, and cotransplant treated group decreased until 14 days after surgery ([Table 1](#tab1){ref-type="table"}). The body weight of rats in the OECs treated group, BMSCs treated group, and cotransplant treated group gradually increased. A significant increase in body weight of rats was found in OECs treated group, BMSCs treated group, and cotransplant treated group compared with that in sham group 14 days and 28 days after transplantation (*P* \< 0.05) ([Table 1](#tab1){ref-type="table"}). The higher body weight of rats was found in cotransplant treated group 28 days after transplantation (*P* \< 0.05) ([Table 1](#tab1){ref-type="table"}). But the body weight of rats had not yet reached the presurgery level until the end of the observation period.

3.4. Pathology Changes in Spinal Cord Tissue {#sec3.4}
--------------------------------------------

14 and 28 days after transplantation, no abnormality was found in the control groups. Black and white matter had integrity boundaries. Cavity, liquefaction, and inflammatory cell infiltration were not seen ([Figure 4(A)](#fig4){ref-type="fig"}, (a~1~) ×100; [Figure 4(A)](#fig4){ref-type="fig"}, (a) ×400; and [Figure 4(B)](#fig4){ref-type="fig"}, (a~2~)). There was no difference in spinal cord stained pictures between 14-day groups ([Figure 4(A)](#fig4){ref-type="fig"}, (a~1~) ×100) and 28-day groups ([Figure 4(B)](#fig4){ref-type="fig"}, (a~2~) ×100). After spinal cord injury, the spinal cord structure in sham groups was severely damaged. And a lot of cavities, liquefaction, and neurons atrophy could be seen; besides, nerve fibers had arrangement derangement ([Figure 4(A)](#fig4){ref-type="fig"}, (b~1~) ×100; [Figure 4(A)](#fig4){ref-type="fig"}, (b) ×400; [Figure 4(B)](#fig4){ref-type="fig"}, (b~2~) ×100). The cavity could also be found in the OECs treated group ([Figure 4(A)](#fig4){ref-type="fig"}, (c~1~) ×100), BMSCs groups ([Figure 4(A)](#fig4){ref-type="fig"}, (d~1~) ×100), and cotransplant groups ([Figure 4(A)](#fig4){ref-type="fig"}, (e~1~) ×100). The number of cavities induced by spinal cord injury in these three groups was less than that in the sham group 14 days after transplantation. The cavity induced by spinal cord injury was no significant change ([Figure 4(B)](#fig4){ref-type="fig"}, (b~2~) ×100), but there was a decrease in the number of the cavities and increase in the number of nerve cells ([Figure 4(B)](#fig4){ref-type="fig"}, (c~2~), (d~2~), and (e~2~) ×100). Moreover, the most and best obvious change was in the cotransplant treated group ([Figure 4(B)](#fig4){ref-type="fig"}, (e~2~) ×100).

3.5. Cellular Apoptosis after Spinal Cord Injury Was Reduced by Olfactory Ensheathing Cells with Bone Marrow Mesenchymal Stem Cells {#sec3.5}
-----------------------------------------------------------------------------------------------------------------------------------

We used the TUNEL method to confirm the occurrence of apoptosis in the spinal cord after SCI ([Figure 5](#fig5){ref-type="fig"}). 14 and 28 days after transplantation, TUNEL staining results of each group can be seen: TUNEL-positive cells were observed to distribute white matter in rats 14 and 28 days after transplantation. And comparison of the spinal cord cell apoptosis rate showed much difference among control group rats and those in the sham groups and OECs treated, BMSCs treated, and cotransplant treated groups 14 and 28 days after transplantation ([Figure 5(C)](#fig5){ref-type="fig"}). The higher spinal cord cell apoptosis rate in the sham group and OECs treated, BMSCs treated, and cotransplant treated groups was observed compared with the control group 14 days after transplantation (*P* \< 0.05) (Figures [5(A)](#fig5){ref-type="fig"} and [5(C)](#fig5){ref-type="fig"}). The spinal cord cell apoptosis rate in the OECs treated, BMSCs treated, and cotransplant treated groups was significantly lower compared with that in the sham groups (*P* \< 0.05) (Figures [5(A)](#fig5){ref-type="fig"} and [5(C)](#fig5){ref-type="fig"}). We also found that the spinal cord cell apoptosis rate in cotransplant treated group was lower than that in the OECs treated and BMSCs treated groups 28 days after transplantation (*P* \< 0.05) (Figures [5(B)](#fig5){ref-type="fig"} and [5(C)](#fig5){ref-type="fig"}). The spinal cord cell apoptosis rate in the sham groups, the OECs treated group, BMSCs treated group, and cotransplant treated group had declined, but the higher spinal cord cell apoptosis rate was observed in sham groups compared with the control group, the OECs treated group, BMSCs treated group, and cotransplant treated group 28 days after transplantation (*P* \< 0.05) (Figures [5(B)](#fig5){ref-type="fig"} and [5(C)](#fig5){ref-type="fig"}). Based on these results, we are convinced that the cotransplantation of OECs with BMSCs exerts antiapoptotic effects in adult rats after SCI.

3.6. Expressions of Bax, Bcl-2, Caspase-9, and Caspase-3 in Spinal Cord of Rats Transplanted with Olfactory Ensheathing Cells with Bone Marrow Mesenchymal Stem Cells 14 and 28 Days after Transplantation {#sec3.6}
----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

[Figure 6](#fig6){ref-type="fig"} showed that the expressions of Caspase-9 and Caspase-3 proteins were significantly upregulated and Bcl-2 proteins were significantly downregulated (*P* \< 0.05) (Figures [6(c)](#fig6){ref-type="fig"}, [6(d)](#fig6){ref-type="fig"}, and [6(e)](#fig6){ref-type="fig"}). 14 and 28 days after transplantation, the levels of Caspase-9 and Caspase-3 proteins decreased significantly and Bcl-2 protein increased significantly in the OECs treated groups, BMSCs treated groups, and cotransplant treated groups (*P* \< 0.05) (Figures [6(c)](#fig6){ref-type="fig"}, [6(d)](#fig6){ref-type="fig"}, and [6(e)](#fig6){ref-type="fig"}). The expressions of Caspase-9 and Caspase-3 decreased in cotransplant treated groups were significantly lower than those in OECs treated groups and BMSCs treated groups 28 days after transplantation (*P* \< 0.05) (Figures [6(d)](#fig6){ref-type="fig"} and [6(e)](#fig6){ref-type="fig"}). Meanwhile, Caspase-9 and Caspase-3 decreased in cotransplant treated groups, with no significant difference when compared with control groups 28 days after transplantation (*P* \> 0.05) (Figures [6(d)](#fig6){ref-type="fig"} and [6(e)](#fig6){ref-type="fig"}). There was higher expression of Bcl-2 protein in cotransplant treated groups 28 days after transplantation (*P* \< 0.05) ([Figure 6(c)](#fig6){ref-type="fig"}), whereas Bax had little change in each group ([Figure 6(b)](#fig6){ref-type="fig"}).

3.7. Recovery of Locomotor Function of Rats Cotransplanted with Olfactory Ensheathing Cells with Bone Marrow Mesenchymal Stem Cells {#sec3.7}
-----------------------------------------------------------------------------------------------------------------------------------

Finally, we tested whether inhibition of apoptotic by OECs and MSCs can be correlated with the functional recovery of rats. BBB scores at all time points after transplantation for the cotransplant treated, OECs treated, and BMSCs treated groups and control groups are shown in Tables [2](#tab2){ref-type="table"} and [3](#tab3){ref-type="table"}, which showed that the mean BBB score decreased significantly in the treatment groups compared to that in control groups before transplantation (*P* \< 0.05). Recovery of function occurred slowly but steadily over the course of the 14-day observation period in the OECs treated group, BMSCs treated group, and cotransplant treated group. Rats in the transplanted groups showed a significant improvement in the BBB scale relative to the sham injured control group 14, 21, and 28 days after transplantation (*P* \< 0.05) ([Table 3](#tab3){ref-type="table"}). The BBB scale in cotransplant treated group increased significantly compared to that in OECs treated group and BMSCs treated group 21 and 28 days after transplantation (*P* \< 0.05) ([Table 3](#tab3){ref-type="table"}).

4. Discussion {#sec4}
=============

Transplantation of OECs and BMSCs has been demonstrated as being experimentally promising for therapy of SCI \[[@B28]--[@B31]\]. However, clinical application may be constrained by the margin neuronal differentiation capacity of BMSC as well as the limited number of isolatable OECs. To take advantage but obviate the limitations of OECs and BMSCs, the cotransplantation of the two major types of cells has been suggested as therapeutic for SCI. In this study, we successfully coculture the two types of cells*in vitro*. There was no morphological change in cell. We verified the cells immunofluorescence and measured the viability of the individual and cocultured cells. BMSCs showed rapid proliferation with more pronounced increase in the number of cells, while the OECs have low growth rate, with nonsignificant increase in cell number during the culture period. There is a need to ensure that the number of each cell to avoid the imbalance in the proportion of cells in the coculture system.

Consistent with several previous studies \[[@B32]--[@B34]\], in this study we demonstrated that transplantation of either of OECs or BMSCs alone is able to promote functional recovery of rats after SCI. Interestingly, the cotransplantation of OECs and BMSCs has been shown to be the most effective in comparison with that of OECs or BMSCs alone, which suggested that the two cell types may interact in a synergistic way to improve the functional recovery of SCI. Deng et al. \[[@B35]\] demonstrated that the cotransplant group was found to have significantly better improvement of gait scaling compared with all other groups after 2 weeks of transplantation. The BMSC group was shown to have higher BBB scores than the OEC group, which is consistent with our findings. Furthermore, the cotransplant of OECs and BMSCs had the most effective change compared with that of OECs and BMSCs alone. In this regard, the cograft of mixed cell types with complementary properties may provide a novel approach for cell transplantation in SCI and even other tissue types.

Recently, much attention has been paid to secondary cord injury since this appears to be susceptible for therapeutic intervention. Apoptosis and inflammatory responses and some other neurological toxicity events may signify the secondary injury after primary insult in the spinal cord \[[@B1], [@B36]\]. Therefore, this study attempted to test the possible synergistic effects of the two cells for antiapoptotic effects after cotransplantation in rat SCI models. We found decreased apoptosis in rats from group of cotransplantation of OECs and BMSCs from apoptosis study using TUNEL assay which showed. The spinal cord cell apoptosis rate in the OECs treated, BMSCs treated, and cotransplant treated groups was significantly lower compared with that in the sham groups. Importantly, the spinal cord cell apoptosis rate in cotransplant treated group was lower than that in the OECs treated and BMSCs treated groups 28 days after transplantation. Interestingly, we also found that death of injured spinal cord cells in white matter following spinal cord injury involves the regulations processing of Bax, Bcl-2, Caspase-9, and Caspase-3, thus contributing probably to the apoptotic death of cells in the spinal cord. Increased activity of the Caspase family of proteases is associated with apoptosis during which Caspase-3 plays a crucial role in SCI-mediated apoptotic cell death in the white matter \[[@B14], [@B37]\].

To investigate mechanisms underlying suppression of apoptosis after cotransplantation of OECs and BMSCs after SCI, we also detected the Bax, Bcl-2, Caspase-9, and Caspase-3 expression in apoptosis by Western blot. The results demonstrated that the expression of Caspase-9 and Caspase-3 and the ratio of Bax/Bcl-2 were significantly decreased in the cotransplant treated group compared with those in the sham groups. However, the expression of Bax had little change in each group. Therefore, we speculated that downregulation of Bcl-2 and consequently the higher ratio of Bax/Bcl-2 may be directly associated with the release of Caspase-9 and Caspase-3, and then the latter finally resulted in apoptosis after SCI. The cotransplantation of OECs with BMSCs exerts antiapoptotic effects in adult rats after spinal cord injury by inhibiting downregulation of Bcl-2 expression. Consequently, the decrease in the ratio of Bax/Bcl-2 results in the suppression of Caspase-9 and Caspase-3, leading to a decrease in the number of apoptotic cells in the cotransplant treated group. These findings further confirmed that OECs and BMSCs appear to show the neuroprotective effects to attenuate apoptotic processes by inhibiting the expression of the mitochondria-associated intrinsic pathway related proteins during secondary damage of SCI.

In this study, we found that transplantation of OECs, BMSCs, and cotransplantation of OECs with BMSCs can significantly recover functional activities of rats after two weeks of transplantation. Importantly, we found that there was significant functional recovery, improvement in the number of intact axons across the injury site, and a decrease in white matter loss in cotransplant treated group compared to that in OECs treated group and BMSCs treated group 21 and 28 days after transplantation. The finding of the locomotor recovery in treated rats suggests that the mitochondria-associated intrinsic pathway provides a potential therapeutic target in the treatment of SCI. Our study further confirmed the previous studies \[[@B38]--[@B42]\] indicating that stem cells could migrate and accumulate in the injured areas, differentiate into neural cells, and improve the functional recovery of these animals.

5. Conclusion {#sec5}
=============

In conclusion, cotransplantation of OECs and BMSCs could migrate into injured spinal cord tissue and repair SCI and then contribute to the functional restoration by inhibiting the expression of the mitochondria-associated intrinsic pathway related proteins. While we observed that OECs and BMSCs could migrate successfully into the damaged spinal cord and repair SCI by reducing apoptosis, this repair effect was only observed until 14 days after transplantation. Although the apoptotic pathways that are involved require verification, we have laid sufficient foundation for further study of SCI treatments with OECs and BMSCs. However, successful development of OECs and BMSCs therapy for spinal cord injury will require a better understanding of the intrinsic properties of these stem cells, the microenvironment, host-graft interactions, and subsequently greater functional improvements. Ongoing behavioral and biochemical assessments of the long-term positive effects of OECs and BMSCs will provide further insight regarding the therapeutic potential of these stem cells for SCI.
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![Animal experimental design of antiapoptotic effects of cotransplantation of OECs and BMSCs in adult rats.](SCI2015-516215.001){#fig1}

![Morphological features of OECs, BMSCs, and coculture cells (×200). OECs were bipolar and multipolar, woven into a net (a). OECs were seen to express p75NTR (green, b). BMSCs were compact and the shape was like spindle (c). Brdu was found to exist in the cell core (red, d). The coculture cells, OECs were identified in the cell membrane (green, e) and cell core (yellow, e) (red arrow); BMSCs were identified in the cell core (red, f) (white arrow) and not in the cell membrane (green, f).](SCI2015-516215.002){#fig2}

![The growth curve of OECs, BMSCs, and coculture cells.](SCI2015-516215.003){#fig3}

![H&E staining of spinal cord tissue in each group. (A) 14 days after transplantation; (B) 28 days after transplantation: (a~1~, a~2~) control group; (b~1~, b~2~) sham group; (c~1~, c~2~) OECs treated group; (d~1~, d~2~) BMSCs treated group; (e~1~, e~2~) cotransplant treated group.](SCI2015-516215.004){#fig4}

![Cellular apoptosis after spinal cord injury was reduced by OECs and BMSCs (TUNEL staining, 10 × 40). Note: (A) 14 days after transplantation; (B) 28 days after transplantation; (a~1~, a~2~) control group; (b~1~, b~2~) sham group; (c~1~, c~2~) OECs treated group; (d~1~, d~2~) BMSCs treated group; (e~1~, e~2~) cotransplant treated group. (C) The spinal cord cell apoptosis rate of rats in each group. ^a^ *P* \< 0.05 versus control group; ^b^ *P* \< 0.05 versus sham group; ^c^ *P* \< 0.05 versus OECs treated group; and ^d^ *P* \< 0.05 versus BMSCs treated group.](SCI2015-516215.005){#fig5}

![The expression on Bax, Bcl-2, Caspase-9, Caspase-3, and GADPH protein in spinal cord 14 days and 28 days after transplantation. (a) Western blot analysis of Bax, Bcl-2, Caspase-9, Caspase-3, and GADPH proteins of spinal cord. (b) Relative ratio of Bax protein. (c) Relative ratio of Bcl-2 protein. (d) Relative ratio of Caspase-9 protein. (e) Relative ratio of Caspase-3 protein. ^a^ *P* \< 0.05 versus control group; ^b^ *P* \< 0.05 versus sham group; ^c^ *P* \< 0.05 versus OECs treated group; and ^d^ *P* \< 0.05 versus BMSCs treated group.](SCI2015-516215.006){#fig6}

###### 

The change of body weight for rats after surgery (g, $\overset{-}{x} \pm \text{SD}$).

  Group                           Control group    Sham group          OECs treated group   BMSCs treated group   Cotransplant treated group
  ------------------------------- ---------------- ------------------- -------------------- --------------------- ----------------------------
  Before surgery                  263.75 ± 10.58   264.87 ± 12.74      259.78 ± 12.28       263.41 ± 13.63        262.69 ± 16.76
  1 day after surgery             262.35 ± 16.53   262.34 ± 13.44      258.85 ± 11.76       261.07 ± 18.23        260.98 ± 12.06
  7 days after surgery            267.74 ± 14.39   212.38 ± 15.50^a^   215.67 ± 14.57^a^    220.58 ± 12.05^a^     216.10 ± 15.30^a^
  7 days after transplantation    274.31 ± 11.97   211.66 ± 12.19^a^   212.83 ± 12.49^a^    213.18 ± 14.72^a^     213.37 ± 13.75^a^
  14 days after transplantation   286.31 ± 12.25   213.62 ± 10.08^a^   224.65 ± 13.28^ab^   227.72 ± 11.05^ab^    229.15 ± 10.63^ab^
  28 days after transplantation   314.67 ± 15.84   214.11 ± 17.41^a^   235.67 ± 10.50^ab^   239.58 ± 12.70^ab^    249.10 ± 10.96^abcd^

^a^ *P* \< 0.05 versus control group; ^b^ *P* \< 0.05 versus sham group; ^c^ *P* \< 0.05 versus OECs treated group; and ^d^ *P* \< 0.05 versus BMSCs treated group.

###### 

BBB scores of rats with SCI before transplantation at 1 day and 7 days after SCI ($\overset{-}{x} \pm \text{SD}$).

  Group                  Control   Sham             OECs treated     BMSCs treated    Cotransplant treated
  ---------------------- --------- ---------------- ---------------- ---------------- ----------------------
  Before surgery         21        21               21               21               21
  1 day after surgery    21        0                0                0                0
  7 days after surgery   21        4.47 ± 0.35^a^   4.71 ± 0.63^a^   4.53 ± 0.56^a^   4.68 ± 0.45^a^

^a^ *P* \< 0.05 versus control group.

###### 

BBB scores of rats with SCI after OECs and MSCs transplantation treatments ($\overset{-}{x} \pm \text{SD}$).

  Group                           Control   Sham              OECs treated       BMSCs treated      Cotransplant treated
  ------------------------------- --------- ----------------- ------------------ ------------------ ----------------------
  1 day after transplantation     21        5.07 ± 0.67^a^    5.19 ± 0.98^a^     5.20 ± 0.54^a^     5.38 ± 0.69^a^
  3 days after transplantation    21        5.26 ± 0.82^a^    5.83 ± 1.05^a^     5.89 ± 0.91^a^     6.48 ± 0.90^a^
  7 days after transplantation    21        5.73 ± 0.90^a^    6.49 ± 0.93^a^     6.74 ± 1.03^a^     6.95 ± 1.20^a^
  14 days after transplantation   21        5.88 ± 1.05^a^    8.87 ± 1.56^ab^    9.31 ± 1.26^ab^    10.96 ± 1.73^ab^
  21 days after transplantation   21        6.19 ± 0.97^a^    10.81 ± 2.00^ab^   11.23 ± 1.87^ab^   13.23 ± 2.22^abcd^
  28 days after transplantation   21        6.56 ± 1.22^ab^   12.98 ± 2.11^ab^   13.09 ± 2.01^ab^   15.16 ± 2.31^abcd^

^a^ *P* \< 0.05 versus control group; ^b^ *P* \< 0.05 versus sham group; ^c^ *P* \< 0.05 versus OECs treated group; and ^d^ *P* \< 0.05 versus BMSCs treated group.
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